[1] We have performed a series of experiments to investigate the relationship between channel geometry and tectonic forcing in steady state landscapes at various uplift rates. The experimental setup consists of uniformly uplifted silica paste eroded by artificial rainfall. In this setup, erosional landscapes evolve by growth and amalgamation of incisions, which organize into a drainage network whose dynamics are a function of the interaction between vertical channel cutting, hillslope erosion, and sediment transport. High-precision (0.5 mm pixel size) digital elevation models were constructed using a stereogrammetric camera system. From this data, channel bed slope was found to be independent of discharge and position on the experimental surface and to increase linearly with uplift rate. Geometric parameters of the flow, such as channel width or depth, could not be observed directly during the experiments. Using laminar flow equations for the mean flow velocity, these parameters were back calculated, and relationships to the imposed substrate uplift rate were derived. Channel width, cross-sectional area, and wetted perimeter decrease with increasing uplift rate to a limit value, hydraulic radius and flow depth increase slightly, and flow velocity increases approximately linearly with increasing uplift rate. These results are qualitatively consistent with recent field surveys and highlight the importance of channel width and slope variations in accommodating channel response to variable rock uplift rates.
Introduction
[2] Fluvial incision drives the evolution of erosional landscapes. As the incision rate within the channel is generally assumed to be a function of its geometry, and the landscape evolves toward a steady state in which the lowering of the terrain by erosion is equal to rock uplift, the rivers will adjust their form to the tectonic forcing. Although several recent field studies [Harbor, 1998; Snyder et al., 2000 Snyder et al., , 2003 Lavé and Avouac, 2001; Duvall et al., 2004; Finnegan et al., 2005] made significant advances, our understanding of the relationships between channel width, depth, cross-sectional form and area, and incision rate is limited and qualitative. The quantitative assessment of these links is hard to achieve in natural geomorphic systems, where it is difficult to isolate and measure the important variables and boundary conditions, and define the state of evolution of the landscape. Physical experiments allow the study of channel processes where boundary conditions can be controlled completely and the evolution of the surface can be monitored continuously. However, can experimental findings be applied to natural landscapes? Scaled models can reproduce natural systems, provided that the appropriate dimensionless quantities are conserved. It is difficult to meet this condition in geomorphic systems, firstly because a complete list of important dimensionless numbers are not yet known, and secondly because there are inherent problems in scaling, for example due to the fundamentally different timescales of tectonic and hydraulic processes. Previous laboratory studies have either attempted to maintain a strict match between the model and natural landscapes for a single process [e.g., Paola et al., 1992; Whipple et al., 1998; Roering et al., 2001] , or used experiments with dynamics that are qualitatively similar to natural systems, regardless of the dominant process [e.g., Czirók et al., 1993; Crave et al., 2000; Hasbargen and Paola, 2000; Pelletier, 2002; Lague et al., 2003; Bonnet and Crave, 2003; Babault et al., 2005] . The aim of our experiments has been to investigate the scaling of channel geometry with tectonic forcing. We have used the second approach to maintain a realistic coupling between hillslopes and channels.
[3] The experimental approach was as follows: (1) The experimental area made of silica paste was raised uniformly at a constant and well-known rate to simulate tectonic forcing. (2) Surface runoff was generated with a rainfall device in order to drive drainage network formation in the silica paste by growth and amalgamation of incisions. (3) The resulting topography was digitized at regular intervals. (4) For each uplift rate the experimental topography was allowed to reach a dynamic equilibrium.
[4] Our experimental set up and protocol were developed from a study by Lague et al. [2003] . Early studies using the set up [Crave et al., 2000; Lague et al., 2003; Bonnet and Crave, 2003] did not record channelization. However, microchannels have been observed in a study using a larger experimental area [Babault et al., 2005] . With this larger set up we obtained a set of channel networks that cut into uplifting material, transport the sediment produced upstream, and interact realistically with hillslopes (or more precisely the unchannelized parts of the topography), as do natural erosional channels.
[5] In the following, we present our experimental setup and methods of topographic analysis of the channels. Subsequently, we focus our analysis on the sensitivity of channel geometry to discharge and substrate uplift rate at steady state, leaving aside the analysis of the unchannelized part of the topography.
Setup and Methods

Facility and Material
[6] For our study, we have used a mixture of fine silica grains and water, in a box with a vertically adjustable floor, inside a rainfall simulator. A stereogrammetric camera system was used to obtain digital elevation models of the evolving experimental surface.
[7] The experimental box has a surface area of 60 Â 40 cm 2 and a depth of 50 cm (Figure 1 ). The bottom of the box is moveable and can be lowered or raised at a steady rate by a step motor. The box was filled with a paste of pure silica, obtained by mixing granular silica with water in a weight ratio of 82:18. The water content was chosen such that the paste had a vertical angle of rest and infiltration was negligible. The mean grain size of the paste was 10 mm, and chemical agglomeration is thought not to affect the grain size distribution during preparation and use of the paste [cf. Crave et al., 2000] . Rainfall was simulated by a system of four sprinklers positioned in the top corners of a space of 2 Â 2 Â 2 m 3 . The precipitation rate at the experimental surface can be controlled by adjusting water pressure and nozzle configuration. Uniformity of precipitation was insured as best as possible, but the maximum deviation from the mean is about 25% with a coefficient of variation of about 14%. Water droplets have a diameter below 10 mm, which is small enough to exclude grain detachment by drop impact [Lague et al., 2003] . Instead, grain detachment and transport occur mainly by shear detachment through surface runoff.
[8] The topography was measured with a stereogrammetric camera system, the ATOS system by GOM (GOM France SAS, Corbeil, France), which has a precision of around 20 mm. The density of data points depends on the topography and the number of images taken. The median nearest neighbor distance was around 0.5 mm for the measurements done in this investigation. The raw data was gridded with commercial software to a pixel size of 0.5 mm and then smoothed with a median filter with a window of five pixels. Because of high droplet density in the experimental space during operation of the rainfall simulator it is not possible to observe the evolution of the experimental surface directly and the water flow has to be switched off to collect data. In previous studies it has been found that the impact of the interruption of erosion on the experimental topography is negligible [cf. Crave et al., 2000] .
Experimental Protocol
[9] At the start of an experiment, the material was allowed to erode for several hours (usually overnight) at a constant substrate uplift rate U until steady state was reached. This was assessed by taking digital elevation models (DEMs) and digital photographs of the surface at intervals of about half an hour until the mean elevation was constant. Then the uplift rate was increased and the process was repeated until no paste was left. We did three runs at two different precipitation rates with three or four different uplift rates each. Table 1 summarizes the conditions of the experiments. There were between 3 and 18 DEM acquisitions per uplift rate, at least two of them at steady state.
Channel Analysis
[10] Extraction of the channel parameters from the DEMs is a four-step process:
[11] 1. Catchments and cross sections within the catchments were selected. We analyzed between three and five catchments in every steady state topography, aiming for a spread of sizes and positions (Table 2 ). In each catchment at least six and up to twenty sections were taken perpendicular to the channel, from ridge to ridge, and at ten to fifty pixel intervals. The spacing was chosen according to the local topography and the size of the basin.
[12] 2. The discharge across a given cross section was calculated. The drainage area for every point along the cross TUROWSKI ET AL.: EXPERIMENTAL CHANNEL RESPONSE section was calculated with a flow routing algorithm using a steepest slope criterion. Subsequently, we summed the upslope areas of all points along the cross section with an elevation of less than half a millimeter above the lowest point of the cross section, ignoring points with a contributing area of less than 10 pixels. The error due to this cutoff is small as the total area draining across a section is usually of order of 10 5 pixels in size and the flow concentrates around the thalweg. The discharge Q was calculated in two ways: (1) by multiplying the total drainage area with the average precipitation, Q 1 = AP, and (2) by multiplying the total drainage area with the average precipitation added to the substrate uplift rate, Q 2 = A(P + U), to take into account the contribution of eroded sediment. Here A is the upstream drainage area, U the imposed uplift rate and P the precipitation rate.
[13] 3. The channel long profile was constructed from the thalweg elevation at the cross sections.
[14] 4. The local channel geometry was estimated. The channel parameters flow width W, flow depth D, crosssectional area A c , wetted perimeter P w and hydraulic radius R h were calculated using the continuity equation
where V is the mean flow velocity. Crucially, this requires the use of an appropriate flow velocity equation. This gives two equations (continuity and velocity), and four independent unknowns (width, depth, cross-sectional area and wetted perimeter), which can be measured from the topography as outlined below. The hydraulic radius is defined as the ratio of cross-sectional area to wetted perimeter.
[15] Because of the extremely small discharge (order of 10 À3 L/min) it is very difficult to constrain the mean flow velocity equation for the flow directly, either on the experimental surface or in a linear flume. Our attempts to obtain an experimentally determined velocity equation have failed, and instead we have opted for use of existing equations. In our experiments, both Reynolds number (Re % 10-100 using the viscosity of pure water) and Froude number (Fr % 10 À2 -1) were small, indicating smooth, laminar flow. However, the Weber number, which is the ratio of inertial forces to surface tension (We = rV 2 L/s, where s is the surface tension of water), is close to one. This indicates that surface tension is likely to affect the flow velocity. Although good descriptions of flow dominated by surface tension exist in the literature [Myers et al., 2002] , they are not easily reduced to a simple velocity equation as required for this study. In fact, Charpin and Myers [2005] used the Manning equation to describe the mean flow velocity in a thin film. The Darcy-Weisbach equation, often used to describe turbulent pipe flow, is equivalent to the averaged velocity of laminar flow, and although it does not take surface tension effects into account, it seems the most appropriate available equation. However, the functional dependence of channel parameters on discharge and uplift rate is insensitive to the velocity equation used for analysis (see supplementary material 1 ). In this manuscript we present the analysis using two forms of the Darcy-Weisbach equation:
where g is the gravitational acceleration at the Earth's surface and f = k r /Re is a friction coefficient depending on Reynolds number Re and the empirical constant k r . Using the common definition of Re = rVL/h, where r and h are the density and the viscosity of the fluid respectively and L a typical length scale which is chosen to be the hydraulic radius R h , the equation can be resolved for V; giving
Here
is a constant.
[16] As the paste erodes, the silica becomes entrained into the water flow, potentially altering properties such as density and viscosity in a nonnegligible way. We also did calculations including a viscosity term dependent on uplift rate (Appendix A), giving the equation:
Here r 0 is the density of pure water, c the volume concentration of water in the sediment and c p the packing density of the sediment.
[17] The friction factor was k r = 15 for the DarcyWeisbach equation without viscosity variation and k r = 12 for the Darcy-Weisbach equation with viscosity variation by comparing the fit results to a channel with clearly visible banks from experiments on the same set up by Babault et al. [2005] . These values are of similar order as values observed for natural rivers.
[18] To extract the channel geometry from the measured topography, we have implemented a routine that varies flow depth within a given cross section of an experimental channel and calculates the corresponding values for width, cross-sectional area, hydraulic radius, wetted perimeter, and flow velocity. The values for which the ratio VA c /Q is The number of sections in each catchment depended on the size of the catchment and its topography.
closest to one (with a deviation smaller than 0.1%) are taken as the best fit (see equation (1)).
Observations and Results
[19] We have performed three experimental sets, with sets 1 and 2 at a low rainfall rate of 45 mm/hr and set 3 at a high rainfall rate of 140 mm/hr (Table 1) . In each set, the topography was allowed to reach a steady state, and data was acquired, before the imposed uplift was changed to a higher rate.
Topographic Organization
[20] In all experiments, the surface organized into several drainage basins with sizes up to about one tenth of the total system size (Figure 2 ). The main valleys were evenly spaced, symmetric about the divide and oriented roughly perpendicular to the edge of the erosion box. Once the basins had formed, their outlines changed only slightly over the course of an experiment. Lague et al. [2003] , Babault [2004] , and Babault et al. [2005] have found similar topographic evolution in earlier experiments and discuss topographic dynamics and steady state characteristics in more detail.
[21] The mean elevation of the experimental surface at steady state increased linearly with the uplift rate ( Figure 3a) . Differences in this scaling between set 1 and 2, and set 3 are due to precipitation. The steady state mean elevation was lower for set 3 with a rainfall rate of 140 mm/hr than for sets 1 and 2 with a lower rainfall rate of 45 mm/hr. This demonstrates that the erosion rate is dependent on discharge, as higher precipitation rate will increase the discharge at any point of the surface.
Channels
[22] Unlike earlier experiments by Crave et al. [2000] , Lague et al. [2003] , and Bonnet and Crave [2003] , we have observed channels and channel networks of order 2 -3. Channels with a well-defined bank were only observed during the initial development of our experiments from a flat surface and disappeared once the surface was hydraulically fully connected. Similar channels have been observed on and near the fans in the experiments of Babault et al. [2005] . After the initial stage, drainage basins with channel networks formed. These channels became progressively more complex and incised as the substrate uplift rate was increased (Figure 2c ). The channel cross sections were often not symmetric, with slightly concave walls and a flat floor (Figures 4c and 4d) . Channel walls graded into ridge flanks, and without banks, the boundary between the two domains could not be identified directly in the DEMs. Rapid sheet erosion due to high precipitation and runoff prevented the formation of well-defined channels in experiment set 3. The topographies of this set do not meet the requirements of our study. In the following, we focus on results from sets 1 and 2.
Channel Bed Slope
[23] In our experiments, the relationship between the height of the thalweg and the distance to the outlet was linear (Figures 4a and 4b) . This relationship is very strong (the R values of the fits are commonly higher than 0.99), and gives a constant channel bed slope. The few exceptions were due to nonequilibrium features in the basin, such as a propagating knickpoint or blockage due to channel wall failure. For a given uplift rate the channel slope varied little between catchments: the standard deviation of all channel slope measurements in a DEM was usually less than 10% of the mean with only one catchment (at U = 1.25 cm/hr) having an exceptionally high slope. The reason for this deviation is unclear. We found that the mean channel slope increases linearly as a function of uplift rate (Figure 3b ).
Channel Geometry
[24] Because of the opacity of the experimental set up during rainfall and the small size of topographic features in the erosion box, width and depth of channel flow could not be observed directly. Instead they have been inferred from the cross-sectional geometry of valleys in the DEMs, assuming continuity of flow, as discussed in section 2.3.
[25] The functional form of the downstream relationship between channel width, depth and other channel parameters and discharge is similar for both velocity relations (equations (2) and (5)). For a given discharge, equation (2) gives smaller results than equation (5). Both width and depth do not increase monotonically with discharge in this particular channel. This is mainly due to some fairly large tributaries joining the main channel at various points.
[26] Channel width, depth, cross-sectional area, mean flow velocity, hydraulic radius and wetted perimeter all increase with discharge ( Figure 5 ). Leopold and Maddock [1953] and subsequent workers [e.g., Howard and Kerby, 1983; Montgomery and Gran, 2001; Snyder et al., 2003] observed that many rivers have a geometry that can be described by a power law dependence of width, depth and velocity on discharge. Our experimental results exhibit some scatter, especially for width and wetted perimeter, but a power law model appears to fit our data.
Channel Response to Tectonic Forcing
[27] To find the relationships between the channel parameters and substrate uplift rate we have fitted power laws of the form B = k B Q b to the data. B is used in place of any of the calculated channel parameters width W, wetted perimeter P w , cross-sectional area A c , flow velocity V, depth D, and hydraulic radius R h . For the analysis it was assumed that the exponent b is independent of uplift rate. This assumption cannot be deduced from fits where b is optimized as well as k B , but appears reasonable from the data for all the parameters. Exponents are chosen from the clearest fit values (width and wetted perimeter) or taken to be the average of exponents predicted by linear fits to log-transformed data (depth, cross-sectional area, hydraulic radius, velocity). The exponents used for analysis are presented in Table 3 . From the definition of the hydraulic radius we would expect that the powers in the discharge relationship of hydraulic radius and wetted perimeter add up to the power in the relationship of cross-sectional area and discharge. The reported inconsistencies (Table 3) are due to the method of choosing the value for the power described above, rather than arising from inconsistencies within the data. For all channel parameters the prefactor k B was plotted against uplift rate. Both velocity equations yield almost identical functional forms ( Figure 6 ). Width W, wetted perimeter P w and crosssectional area A c decrease monotonically with increasing uplift rate to a limit value. Fits of exponential decay k B = Ae ÀU/U 0 + B 0 and power law k B = B 0 + mU a to the data for W, P w , and A c (Figures 7a, 7b , and 7c) both give high R 2 values (Table 4) . Here A, a, m, U 0 and B 0 are parameters optimized during regression. Using functions that are decaying to zero do not describe the data as well as functions with a limit value B 0 . The mean flow velocity, the hydraulic radius R h , and the flow depth D (Figures 7d, 7e , and 7f) increase monotonically with uplift rate. In Table 4 we present fit values for the functions on data calculated using the Darcy-Weisbach velocity equation and discharge Q 1 .
[28] For the calculations of the channel parameters we have combined the data of sets 1 and 2 for U = 0.75 cm/hr. When treated separately, the values for the two sets are very close, with differences within the error limits. For example, for the mean channel bed slope set 1 gives a value of 0.218 ± 0.006 and set 2 0.222 ± 0.014 (errors give 
Discussion
On the Nature of Experimental Studies
[29] Working with laboratory-scale experiments as abstraction of geomorphic reality is a matter of tradeoffs. For example in experiments under rainfall, we trade the ability to quantify the flow hydraulics of experimental channels precisely and in real time against a closer qualitative analogy for the realistic interactions between channelized and unchannelized processes. By contrast, in flume experiments [e.g., Paola et al., 1992; Wohl and Ikeda, 1997] channel hydraulics are easier to constrain, but flow bound- Figure 5 . Plots of the channel parameters (a) width, (b) cross-sectional area, (c) wetted perimeter, (d) mean flow velocity, (e) hydraulic radius, and (f) depth against discharge, as calculated using the Darcy-Weisbach velocity equation, separated by uplift rate. The legend for all plots is shown on Figure 5f . F03008 TUROWSKI ET AL.: EXPERIMENTAL CHANNEL RESPONSE aries are often prescribed and hillslope processes are not modeled dynamically. In this study we have strived to optimize the analogy with natural landscapes. The key attribute of our experiments is that the 3D steady state geometry of the channels results from a simplified set of elementary geomorphic processes and is a function of the boundary conditions of the system (substrate uplift and rainfall rate). Unfortunately, experimental constraints (principally the size of the setup) lead to a restricted range of optimum conditions resulting in small channel discharges that are very difficult to measure in situ. We have presented results for two flow resistance equations and possible effects of change in the sediment/water mixture viscosity. Although not explicitly demonstrated in this manuscript, our results are independent of the choice of flow velocity equation (see auxiliary material). Hence even though we actually do not have a single and definitive measure of the width of our channels, we have documented a clear change in the 3D steady state geometry of the channels with changing discharge and incision rate.
Interpretation of Results
[30] Although our experiments are not scaled models of natural channels, there are several formal analogies: (1) The topography evolves by growth and amalgamation of incisions that spontaneously organize into a drainage network.
(2) This drainage network results from the interaction between unchannelized and channelized processes, as well as sediment transport and vertical cutting in the channel. (3) Channel width and depth vary systematically with discharge in a manner qualitatively consistent with natural systems.
[31] Nevertheless, simulation of a natural landscape in a 40 Â 60 cm 2 box results in some discrepancies. Although we do not investigate them in detail in this work, channel statistics such as link length and drainage density seem to differ from what is observed in natural landscapes. In the experimental channels, depth increases faster than width with discharge along the channel; natural streams usually exhibit the opposite [e.g., Leopold and Maddock, 1953] . The back calculated flow velocity increases much faster downstream than in natural channels. This is possibly related to the form of the velocity equations used here and/or the insufficient description of the flow hydraulics. Alternatively, it could be related to the concavity of natural channel profiles, since the flow depth decreases with decreasing slope.
[32] We can propose at least two simple experimental incision laws to describe the evolution of the experimental surfaces: (1) a detachment-limited model [Howard and Kerby, 1983; Howard, 1994; Whipple and Tucker, 1999] in which the evolution of the channel is governed by the rate of bed erosion and (2) a transport-limited model [Smith and Bretherton, 1972; Willgoose et al., 1991] in which the rate of sediment transport governs the channel evolution. The detailed analysis is presented in Appendix B. For the detachment-limited model, the slope is given by
where k e and x I are constants and I is the incision rate. This suggests that a detachment-limited incision law for the channels would be
Figure 6. Comparison of width-uplift rate and depth-uplift rate relationships for the different velocity equations and discharges used for the calculation. (a) Prefactor width against uplift rate; (b) prefactor depth against uplift rate. Units of the prefactors differ according to the power used in the relationship with discharge. [33] In equation (7), x I is the equivalent of a critical slope required to initiate incision. However, because the mean elevation of the experiment is set to a large degree by the slope of the channels, equation (7) does not predict a decrease of mean elevation with precipitation rate as observed in Figure 3a . In a transport-limited model the sediment transport law is given by
Figure 7. Channel parameters as calculated using the Darcy-Weisbach velocity equation and discharge Q 1 against uplift rate. Error bars give errors in the regression. All fit values are given in Table 4 . (a, b, c) Prefactors of width, cross-sectional area, and wetted perimeter against uplift rate. The solid line is the best exponential fit to the data, and the dashed line is the best power law fit. (d, e, f) Prefactors of mean flow velocity, hydraulic radius, and depth against uplift rate. The solid line gives the best linear fit.
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where Q s is the total sediment flux (=UA at steady state) and k s is a constant and x Q is an erosion threshold proportional to drainage area (Appendix B). Interestingly, equation (8) is equal to the total stream power minus a critical stream power, and predicts a decrease of channel slope with increasing precipitation rate consistent with the relationship observed between mean steady state elevation and precipitation rate. This result suggests that the rate limiting process governing the evolution of the experimental channels is the transport of sediments rather than the rate of bed incision. Intermediate models between detachment and transport-limited conditions could also be tested, but these require studying the transient dynamics of the channels [Lague et al., 2003 ]. [34] In the experiments we observed that an increase of the substrate uplift rate results in steepening of the channel slope, narrowing of the channel (to a certain limit) and an increase of the flow velocity paired with only a slight increase of the flow depth. These relationships between channel parameters and uplift rate found in our experiments have parallels in natural systems. At the scale of individual tectonic structures, rivers adjust their channel geometry to tectonic forcing and evolve toward a dynamic equilibrium in which the downward incision matches the uplift of the substrate. The incision at the bed and the erosion of the channel walls are set by a complex relationship between the geometric parameters flow width, depth, the shape of the channel cross section, and the flow velocity. Increasing depth and velocity and decreasing width will increase the shear stress on the channel floor and side and hence the erosion rate, both laterally and vertically. The maximum flow velocity in the cross section is located close to the surface at the center of the flow. Shear stress is proportional to the velocity gradient. This means that larger flow velocity is more effective in increasing the shear stress than a larger flow depth. The channel width will tend to decrease until it reaches a limit where the lateral erosion on the wall is strong enough to counteract any further tendencies to narrow the channel. Our experiments have demonstrated this process, and some recent field studies have reported similar observations. For example, in the Sevier River in southern Utah [Harbor, 1998] , and rivers draining across the Siwaliks, Nepal [Lavé and Avouac, 2001] and the Santa Ynez Mountains, California [Duvall et al., 2004] , the channel width decreases with increasing uplift rate, but in none of these cases has a functional relationship been reported. In contrast, Snyder et al. [2003] found similar channel widths in nearby segments of the California Coast Range with significantly different rock uplift rates, while many other parameters that are thought to influence channel geometry are constant throughout the area. They proposed various possible reasons for their result, for example effects of changing sediment flux. In light of our experiments another possible explanation is that uplift rates are high enough throughout the area such that the channel width is close to the limit value, in which case this aspect of channel geometry is insensitive to variations in tectonic forcing.
Comparison With Natural Systems
[35] In a detailed analysis of the Bagmati and Bakeya rivers, which are actively cutting through sandstones in the Siwalik Hills of central Nepal, Lavé and Avouac [2001] have found that along-stream variations in uplift rate are accommodated either by a change in channel width and slope (Bakeya) as in the experiments, or in channel width only (Bagmati). The different response of the two rivers is possibly due to different discharge characteristics (the Bagmati has about six times the peak discharge of the Bakeya), however, a satisfying explanation has yet to be found.
[36] Finnegan et al. [2005] have proposed a model of river width relying on the assumption that the channel width-depth ratio is constant for a given material, or, stated differently, that the channel width is linearly related to the hydraulic radius. The width implicitly depends on incision rate through a power law relationship on channel bed slope. Underlying these premises is the assumption that channel width and depth have the same functional dependence on both discharge and uplift rate, which is not true for the experimental results. The width-depth ratio has a weak dependence on discharge (power law with powers between À0.04 and À0.26; Table 3 ) and a strong dependence on uplift rate (which can easily be seen from Figure 6 ). Similar weak dependencies of the width-depth ratio on discharge are seen in natural rivers, although typically the ratio increases downstream. For example, the data of Leopold and Maddock [1953] suggest a power law dependence with a power of 0.1.
Conclusion
[37] We have performed new laboratory experiments to study the steady state 3D geometry of incising channels as a 
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TUROWSKI ET AL.: EXPERIMENTAL CHANNEL RESPONSE function of discharge and incision rate. Channel slope was measured directly but other parameters, such as channel width, depth, cross-sectional area, wetted perimeter, hydraulic radius and flow velocity, had to be estimated using flow velocity equations. We found that channel bed slope is independent of water discharge and increases linearly with increasing substrate uplift rate. The steady state channel width, depth, wetted perimeter, cross-sectional area, hydraulic radius and flow velocity increase with discharge. Width, wetted perimeter and cross-sectional area decrease with increasing substrate uplift rate to a nonzero asymptotic value, which can be described by an exponential decay or a power law. Channel depth and hydraulic radius increase only slightly with uplift rate. As a consequence flow velocity increases significantly with substrate uplift rate. These findings are independent of the flow velocity equation used for the calculations.
[38] Our experiments highlight the importance of both vertical and lateral dynamics of channels in determining their response to tectonic forcing. Provided that an incision law is known, the results suggest that both channel slope and flow width need to be taken into account when calculating fluvial incision rates. Others have reached the same conclusion in the study of natural systems [Lavé and Avouac, 2001; Duvall et al., 2004; Finnegan et al., 2005] . Despite some degree of convergence of our experimental results with findings of these field studies, a rigorous comparison of the experiments and natural systems is not possible. It remains unclear when a river adjusts its slope and when it adjusts its width and channel geometry to achieve the required incision.
[39] Even if a direct comparison with natural systems is not possible, we contend that small-scale experiments such as the ones discussed here are a unique opportunity to develop and test our understanding of fluvial erosion and transport processes in well-controlled conditions. In particular, they can help to shed light on the relationships between form and processes at steady state and during transient stages. Moreover, they can be used to validate theoretical models of landscape and channel evolution. If such models cannot quantitatively anticipate the outcome of experiments in a simplified and controlled setting, then it is unlikely that they would produce a better match with natural systems.
for Q m S n > x Q , where x Q is a transport threshold, and m and n are constants. In the detachment-limited case the erosion rate I is given by
for Q m 0 S n 0 > x I , where x I is an erosion threshold, and m 0 and n 0 are constants. Lague et al. [2003] have shown that the slope of the experimental topographies for discharge Q 1 is given by
with k x A = x Q for the transport limited case, and
F03008 TUROWSKI ET AL.: EXPERIMENTAL CHANNEL RESPONSE for the detachment limited case. As the slope is independent of the drainage area in the experiments, m is equal to one and m 0 is equal to zero. This implies that the slope is independent of precipitation rate for the detachment limited case. Given that the mean elevation in the experimental landscapes is mainly set the channel bed slope, a detachment limited model does not predict the decrease of mean elevation with increasing precipitation rate (Figure 3a) and can be rejected.
[43] For discharge Q 2 the situation is similar. The detachment-limited model can be rejected, while the equivalent of equation (B2a) reads
Using m = 1, this can be rewritten as
Equation (B4) predicts the slope to be approximately linear in U for n = 1 and cU < P. The highest uplift rate U = 2.5 cm/hr gives a value for cU % 0.93 cm/hr, which is sufficiently smaller than P = 4.5 cm/hr.
